Abstract In the present study, light and electron microscopy were used to examine heat shock protein (HSP 72kD) expression during acute methamphetamine (METH) intoxication in rats and evaluate its relationships with brain temperature and alterations in a number of other histochemical and morphological parameters. Freely moving rats received METH at the same dose (9 mg/kg, sc) but at different ambient temperatures (23 and 29°C), showing a wide range of brain temperature elevations (37.6-42.5°C); brains were taken for histochemical and morphological evaluations at peak of brain temperature increase. We found that acute METH intoxication induces massive and wide-spread HSP expression in neural and glial cells examined in detail in the cortex, hippocampus, thalamus, and hypothalamus. In each of these structures, the number of HSP-positive cells tightly correlated with brain temperature elevation. The changes in HSP immunoreactivity were also tightly related to alterations in permeability of the blood-brain barrier, acute glial activation, and brain edema assessed by albumin and GFAP immunoreactivity and measuring tissue water content, respectively. While robust and generalized HSP production normally appears to be the part of an adaptive brain response associated with METH-induced metabolic activation, activation of this protective mechanism has its natural limits and could not counteract the damaging effects of oxidative stress, high temperature, and edema-the leading factors of METHinduced neurotoxicity.
Introduction
Although the fundamental function of heat shock proteins (HSP) appears to be molecular chaperoning and cellular repair (Horowitz and Robinson 2007; Kiang and Tsokos 1998; Riabowol et al. 1988; Plumier et al. 1997; Stetler et al. 2010; Welch 1992) , their expression per se is a sensitive marker of metabolic activation or oxidative stress. Induction of brain HSP70 messenger RNA, protein, or both have been found in quite different situations ranging from ''psychophysiological stress'' (Fukudo et al. 1995) , heat stress (Bechtold et al. 2000; Sharma et al. 1997; Westman and Sharma 1998) , intense physical exercise (Lancaster et al. 2004; Oqura et al. 2008) , and the use of various psychoactive and addictive drugs (i.e., convulsants, amphetamine-like stimulants, morphine or cocaine) (Ammon-Treiber et al. 2004; Bowyer and Davies 1999; Goto et al. 1993; Miller et al. 1991; Planas et al. 1994; Sharma and Ali 2006; ). All these drugs and situations increase metabolism and induce hyperthermia (see Kiyatkin 2005 Kiyatkin , 2010 , for review), with the latter factor often assumed as the driving force for HSP expression. For example, methamphetamine (METH)-induced HSP expression (Goto et al. 1993; Kuperman et al. 1997; Yu et al. 1999) was dramatically attenuated when the drug was used at lower environmental temperatures and the body hyperthermic response was greatly diminished (Goto et al. 1993) . Moreover, METH-induced HSP expression was quantitatively similar to that induced by heat stress that induced equivalent hyperthermia (Kuperman et al. 1997) .
METH also induces dose-dependent brain hyperthermia, which is more rapid and stronger than that in body core (Brown et al. 2003) . This brain hyperthermic response is dramatically enhanced at warm ambient temperatures, often resulting in lethality at fractions of LD50 (Brown and Kiyatkin 2005) . Our previous work revealed that acute METH intoxication results in increased permeability of the blood-brain barrier (BBB) as tested by intra-brain diffusion of Evans Blue dye and albumin immunoreactivity (Kiyatkin et al. 2007) ; the changes in these parameters were directly related to the extent of brain and body hyperthermia. Acute METH intoxication also induces glial activation evaluated by GFAP immunoreactivity (Kiyatkin et al. 2007 ) as well as wide spread morphological abnormalities of different classes of brain cells; these changes occur rapidly (30-90 min) and tightly correlate with the magnitude of brain temperature elevation and associated BBB leakage .
In the present study, light and electron microscopy were used to examine heat shock protein (HSP 72kD) expression during acute METH intoxication in the rat and evaluate its relationships with brain and body temperatures and other functional and morphological brain parameters (BBB permeability, brain water content, glial activation, structural cell abnormalities). Although previous work with METH suggests that temperature could be a key factor in HSP induction (Kuperman et al. 1997) , most studies describe long-term consequences of METH treatment focusing on specific structures of interest, where cellular damage is prominent. In contrast, in this study, brains were taken for histochemical and morphological evaluations during acute METH intoxication at peak values of brain temperature elevation (*40-90 min after drug injection), different brain structures (the hippocampus, thalamus, hypothalamus, and various cortical areas) were examined, and HSP expression was correlated with brain and body temperatures at the time of animal killing as well as with a number of neurochemical parameters determined at the same time points in the same brain samples. METH in this study was used at the same dose (9 mg/kg, sc) at both normal (23°C) and warm (29°C) ambient temperatures, which allowed for the observation of highly variable brain hyperthermic responses (37.5-42°C) caused by the same drug-induced metabolic impact. All HSP data of this study are original and were never presented before, but primary data on other variables used for correlative analyses in his study (brain and muscle temperatures, albumin and GFAP immunoreactivity) have been previously published (Kiyatkin et al. 2007; Kiyatkin and Sharma 2009 ).
Experimental procedures

Animals and surgery
Data were obtained from 20 male Long-Evans rats (460 ± 50 g) supplied by Charles River Laboratories (Greensboro, NC, USA). All animals were housed individually under standard laboratory conditions (12-h light cycle beginning at 07:00) with free access to food and water. Protocols were performed in compliance with the Guide for the Care and Use of Laboratory Animals (NIH, Publication 865-23) and were approved by the NIDA-IRP Animal Care and Use Committee. Care was taken to minimize the number of animals used and any possible suffering.
All animals were implanted with three thermocouple electrodes as previously described (Kiyatkin et al. 2007 ). Animals were anesthetized with Equithesin (3.3 ml/kg i.p.; total volume containing sodium pentobarbital 32.5 mg/kg and chloral hydrate 145 mg/kg) and mounted in a stereotaxic apparatus. Holes were drilled through the skull over the nucleus accumbens (NAcc) shell (1.2 mm anterior to bregma, 0.9 mm lateral to bregma) using the coordinates of Paxinos and Watson (1998) . The dura matter was retracted and a thermocouple probe was slowly lowered to the desired target depth (7.4 mm). NAcc was chosen as a representative, deep brain structure; this recording site has been used in our previous thermorecording studies of psychomotor stimulants (Brown and Kiyatkin 2005; Brown et al. 2003) . A second thermocouple probe was implanted in deep temporal muscle (musculus temporalis), a nonlocomotor muscle, which is supplied through the carotid artery by the same arterial blood as the brain. The probes were secured with dental cement to three stainless steel screws threaded into the skull. During the same surgical session, each animal was also implanted with a jugular intravenous (iv) catheter. For jugular catheter implantation, a 10 mm incision was made in the neck to expose the jugular vein. A catheter was then inserted into, and secured to, the vein, and the catheter was run subcutaneously to the head mount and secured with dental cement. Rats were allowed for 3 days recovery and 2 days of habituation (6-8 h) before the start of testing.
Experimental protocol
All tests occurred inside a Plexiglas chamber (32 9 32 9 32 cm) equipped with four infrared motion detectors (Med Associates, Burlington, VT, USA), placed inside a light-and sound-attenuating chamber. Rats were brought to the testing chamber and attached via a flexible cord and electrical commutator to thermal recording hardware (Thermes 16, Physitemp, Clifton, NJ, USA).
A catheter extension was also attached to the internal catheter, thereby allowing remote, unsignaled iv injections. The catheter was filled with 2% solution of Evans blue (Sigma, USA; dissolved in saline), which was injected at a specified time following METH or saline injections (see below). Temperatures were recorded with a time resolution of 10 s and movement was recorded as the number of infrared beam breaks per 1 min.
All animals were divided into three groups (control-23°C, METH-23°C, METH-29°C). After 3 h habituation to the testing chamber, control rats (n = 4) received a single subcutaneous (sc) saline injection (0.3 ml), while each rat in the other two groups (n = 8 each) received a single sc METH injection (in 0.3 ml saline) either at 23 or 29°C. 23°C is a standard laboratory temperature and 29°C corresponds to thermoneutral conditions in rats (Romanovsky et al. 2002) , when heat production and heat loss are balanced and metabolism is at the lowest rate. As shown previously, METH administered to rats at this warm temperature induced much stronger temperature increases, often resulting in lethality (Brown and Kiyatkin 2005) . We did not include a saline-29°C control, because at these thermoneutral conditions, rats have behavior and internal temperatures not significantly different from those in rats tested at 23°C (Kiyatkin and Brown 2004) . At a specified time following drug or saline injection, each rat was slowly injected with a solution of Evans blue (3 ml/kg over 60 s), 5 min later anesthetized with iv Equithesin (0.8 ml over 30 s; *20 mg/kg of sodium pentobarbital ? *88 mg/kg of chloral hydrate), and taken for brain perfusion. In the control group, dye was injected 120 min after saline. In the METH groups, dye was injected at peak brain temperatures or when NAcc temperature exceeded 41.5°C, suggesting a probability of future lethality (23°C: range 66-94 min, mean 82 min; 29°C: range 34-79, mean 58 min). Animals were perfused with 0.1 M phosphate buffered saline (PBS, 20 ml/min for 10 min, pH 7.4) followed by 4% paraformaldehyde solution in PBS (20 ml/min for 10 min). The animals were wrapped in aluminum foil and kept in a refrigerator at 4°C overnight. The next day, the brains were removed and kept in PBS at 4°C until their further processing.
HSP immunohistochemistry
HSP immunohistochemistry was done on either 3-lm paraffin-embedded or 40-lm Vibratome (Oxford, UK) sections using monoclonal antibodies raised against HSP-72 kDa (mouse anti-HSP antiserum, Amersham, England). The free-floating Vibratome sections and deparaffinised paraffin sections were then incubated with the primary antibody solution, consisting of a primary antibody (mouse anti-HSP antiserum, Amersham, UK) diluted 1:500 and normal swine serum diluted 1:30 in phosphate buffer saline (PBS) and incubated free floating under agitation for 36 h at room temperature. (Sharma et al. 1995) After 36 h at room temperature, sections were rinsed in six 10-min rinses in PBS and Tris-HCl (pH 7.6) prior to being transferred to the secondary antibody solution (swine-mouse antibody 1:30 in PBS) and incubated for 60 min at room temperature under gentle agitation. Sections were then washed in six 10-min PBS washes and then incubated in the peroxidaseantiperoxidase (PAP) complex solution (1:20 PBS) for 60 min.
Antibody complexes were localized by incubating sections for 6-7 min in a solution containing 75 lg of 3,3 0 -Diaminobenzidine (DAB) and 30 ml of 30% H 2 O 2 /100 ml of Tris-HCl buffer. The reaction was terminated by transferring brain sections to a Tris-HCl buffer. For vibratome sections, the immunostained sections were washed in 0.15 M sodium cacodylate buffer and post-fixed for 20 min in 2% OsO 4 dissolved in cacodylate buffer. They were then dehydrated in a graded series of ethanol, embedded in Epon 812 (Electron Microscopy Sciences, EMS, Hatfield, PA, USA) between acetate foils and polymerized at 60°C for 48 h (Sharma et al. 1995) . For comparison, one section in each group was not osmicated in order to see the labeled neurons against a light background. The non-osmicated section was examined and photographed.
Paraffin-embedded sections after developing HSP immunoreaction were dehydrated in graded alcohol, cleared with xylene, and cover-slipped with DPX resin (Sigma Chemical, USA) (see Sharma et al. 1993) . For control immunochemistry, adjacent sections were processed without secondary antibodies to control for nonspecific binding. Sections obtained from control and METH-treated rats were processed in parallel.
In addition to qualitative analyses of brain slices, we evaluated the numbers of HSP-positive cells (irrespective of their neuronal or glial nature) counted separately in four brain regions (cortex, hippocampus, thalamus and hypothalamus) and in four separate cortical areas (cingulate, parietal, temporal and piriform) at the level of the diencephalon (3.25-3.90 mm posterior from bregma according to Paxinos and Watson 1998) . These regions and cortical areas are shown in Fig. 1 . The cells were counted manually on three consecutive sections in a blind fashion by at least two independent observers; the median value was used for a final calculation.
Electron microscopy
For ultrastructural investigation of HSP-labeled neurons, osmicated sections were used. A small portion of the cortex was attached to an Epon block and part of the cortex containing labeled neurons was excised. Semi-thin (*1 lm) sections were stained with toluidine blue and examined under light microscopy and photographed. Ultrathin sections were cut using a diamond knife (LKB, Ultramicrotome, Sweden), collected on one-hole copper grid (EMS, Hartfield, PA, USA), and in some cases stained with uranyl acetate and lead citrate as contrasting agents. However, most of the sections were unstained.
Since the penetration of the antibodies was limited, serial sections beginning from the surface of the vibratome sections were followed in the electron microscope from a level of poor preservation and strong immunolabeling to a level, at which the preservation was good and immunolabeling was still visible, although often fainter than in the ultrathin sections from the surface of the vibratome sections (Sharma et al. 1995) . If the neurons had been cut so that the nucleolus was present within the limits of the vibratome sections, the neuron was photographed in the nucleolar plane at a 2,800-4,0009 magnification. Phillips 300 transmission electron microscope (TEM) or 1200 Hitachi TEM were used. The images were stored on either a black-white film negative (120 mm, 100 ASA, Agfa) or a computer hard disk using a digital camera (Nikon 500 AS) connected to TEM (see in details in Sharma et al. 1996) .
Other histochemical and morphological observations and measurements
In addition to HSP immunoreactivity, other sections from the same brain areas were processed to examine: (1) the integrity of the BBB; (2) acute glial reactivity; (3) brain water content; and (4) morphological abnormality of brain cells.
The integrity of the BBB was evaluated based on the number of albumin-positive cells counted separately in the same regions (see Fig. 1 ), which were identical in all sections from all animals. Immunostaining for albumin was performed on 3 lm paraffin brain sections using a sheep polyclonal anti-rat albumin antibody (Sigma, USA) and the streptavidin-HRP-biotin technique as reported previously (Kiyatkin et al. 2007 ).
Acute glial reactivity was evaluated based on the number of GFAP-positive cells counted separately in the same brain areas. Immunostaining was performed on 3 lm paraffin brain sections using a commercial protocol described in detail elsewhere (Sharma et al. 1993) . The numbers of GFAP-positive cells were counted in the same anatomical regions (see Fig. 1 ) in a blinded fashion.
Morphologically abnormal cells were evaluated in the same brain areas (see Fig. 1 ) using 3-lm Nissl-and Hematoxylin-Eosin-stained paraffin sections. The criteria of abnormal cells were the presence of the following characteristics: altered (swollen or shrunken) shape, distorted nucleus, chromatolysis, dark neurons, and eccentric nucleolus. The numbers of cells having one or all the above parameters were counted manually in a blind fashion within the regions identical in each analyzed brain. Although all these indices suggest structural abnormalities, their presence does not mean that the cell is irreversibly damaged. Significant time is necessary for the damaged cells to become dead and verified as dead using special histochemical techniques (see Bowyer and Ali 2006) .
The water content was calculated from the differences between dry and wet weights of the sample (see Sharma and Cervós-Navarro 1990) . In brief, brain samples were dissected out, weighed separately, and placed in an oven maintained at 90°C for 72 h to obtain dry weight of the samples.
Data analyses
Temperatures were analyzed with 1-min time bins and presented as both absolute and relative changes with respect to the moment of drug administration. ANOVA with repeated measures, followed by post-hoc Fisher tests, was used for statistical evaluation of drug-induced changes in temperature. Correlative and regression analyses were used to assess the relationships between temperatures and brain parameters as well as between individual brain parameters. Light microscopy (Zeiss Observer Z.1) combined with Zeiss AxioVision 4.7 image-processing software (Zeiss, Jena, Germany) was used for qualitative and quantitative analyses of immunostaining and structural alterations of brain cells. The areas of interest were analyzed using images of brain slices obtained with 100-2009 magnification. 
Results
METH induces rapid, strong, and widespread expression of HSP that depends on ambient temperatures associated with drug administration As shown in Table 1 and Fig. 2 , METH administered at 23°C strongly increased HSP immunoreactivity in each brain structure and each individual cortical area (p \ 0.01). The number of HSP-positive cells was on an average doubled when METH was used at 29°C (p \ 0.01) and temperature elevation was significantly larger (NAcc: 41.37 ± 0.22 vs. 38.92 ± 0.34°C; temporal muscle: 40.44 ± 0.19 vs. 37.92 ± 0.32°C; p \ 0.01 for both locations). Control animals, whose brains were taken 120 min after sc saline administration, had normal temperatures (NAcc: 36.67 ± 0.14°C; muscle: 35.60 ± 0.09°C) and showed virtually no HSP-positive cells in all examined brain areas.
METH-induced increase in HSP immunoreactivity was similar in each of the four tested brain structures at 23°C, but the hypothalamus showed the smallest HSP response at 29°C. Each of the four cortical structures also showed similar increases in the METH-23°C group, but in this case, the somatosensory cortex showed the largest and the piriform cortex the lowest response at 29°C.
Although the numbers of HSP-positive cells were consistently larger in the METH-29°C group, they had much lower variability (CV = 10.0, 11.7, 15.4, and 11.4% for the cortex, hippocampus, thalamus, and hypothalamus, respectively) than in the METH-23°C group (CV = 96.1, 96.1, 86.2, and 73.6% for the same structures). These differences matched those for brain temperature response, which varied much stronger in the METH-23°C (range: 37.52-40.13°C; CV = 2.44%) than METH-29°C (range = 39.45-41.92°C; 1.50%) groups.
Within the group of METH-treated rats, the time interval between drug administration and final experimental points varied from 26 to 94 min. HSP expression was independent of this time interval in each group (cortex: 23°C, r = 0.16 and 29°C, r = 0.31).
METH-induced HSP expression is strongly temperature-dependent As shown in Fig. 3 , the numbers of HSP-immunopositive cells in each of four structures tightly correlate with NAcc temperatures (r C 0.9, p \ 0.001 for each case). There were Heat shock proteins and brain temperature 51
virtually no positive cells at low, normal temperatures in control rats and their counts were consistently higher in METH-treated rats, which showed hyperthermic responses. The increase was evident at *38°C, accelerated from *39.5°C and plateaued at 40.5-41.5°C. While a tendency to S-shape dependence was typical of the cortex, hippocampus, and thalamus (a-c), somewhat linear relations were seen in the hypothalamus (d). Since NAcc temperature tightly correlates with muscle temperature (r = 0.982), HSP expression was also dependent upon muscle temperature (r = 0.960, 0.953, 0.861, and 0.915 for the cortex, hippocampus, thalamus, and hypothalamus, respectively).
Qualitative evaluations of HSP immunoreactivity
Light microscopy
Figures 4, 5, and 6 show original examples of METHinduced changes in HSP immunoreactivity in the parietal cortex, hippocampus, thalamus, and hypothalamus. Each plate also shows NAcc temperature at the time when the brain was taken. As can be seen, control rats, which had low, normal brain temperatures, did not show any distinct HSP upregulation in any brain area examined in this study.
Occasionally, a few nerve or glial cells were HSP-positive and were distributed sporadically within the brain area. In contrast, profound increase in HSP immunoreactivity was seen in all brain areas in METH-treated rats; the increase was massive when brain temperatures exceeded 40°C. In these cases, HSP immunostaining was seen in neuronal As can be seen, HSP expression in each structure was virtually absent in control rats, which had normal brain temperatures. In contrast, rats exposed to METH at 23°C showed higher numbers of both HSP-positive cells and NAcc temperatures. Most rats that received METH at 29°C developed extreme hyperthermia, showing maximal HSP expression somata, dendrites, and axons. Axonal staining was most frequent in the cerebral cortex (see Fig. 4 ) and thalamus (see Fig. 6 ); some cells showed intense HSP immunoreactivity in cell nuclei, karyoplasm, and cell cytoplasm. In the hippocampus (Fig. 5) , HSP immunostaining was mainly seen in neuronal cytoplasm and occasionally in cell nuclei. Only a few cells in the dentate gyrus and CA 1-2 sectors showed mild axonal staining. In this structure, the relationship between nuclear staining and high temperature was seen to a minimal extent. In contrast, high brain temperature was associated with HSP overexpression in axons and dendrites; often the whole neuronal cell cytoplasm, cell nuclei, and karyoplasm were intensively staining with HSP (Figs. 4, 6 ). Rats that showed mild to moderate brain temperature increases following METH administration (38-39°C) had less intense HSP staining in neurons and glia in each examined brain structure. Interestingly, in these animals the neuropil also took some brown staining. However, when brain temperature was excessively high ([40°C) the neuropil staining was weaker or largely absent (Figs. 4, 6 ). This could be due to excessive edema formation and sponginess of neuropil found in all examined brain structures at high hyperthermia. Figure 7 shows several examples of HSP immunoreactivity evaluated at ultrastructural level in the cortex of rats following METH treatment. While minimal changes were seen in control animals (g), strong accumulation of HSP immunoreaction product was seen in cortical neurons, microglia, and karyoplasm in METH-treated animals. Accumulation of dark HSP reaction product was especially strong in small to large diameter dendrites (see a, e, h in Fig. 7) as well as within the neuronal cytoplasm and karyoplasm (f). In addition to neural cells, intense HSP immunostaining was seen in glial cells (b, d, j); these dark- Fig. 4 Low-power light micrographs showing upregulation of HSP 72 kDa in the parietal cortex following METH administration at 23 and 29°C in rats. Overexpression of HSP in neurons and/or glial cells (arrows) was seen mainly in the cell layers II and III (a-h). The strength of HSP expression appears to be related to the intensity of brain hyperthermia, with virtually no HSP labeling in control rats with normal temperatures (d), mild and scattered labeling at lower temperatures (h), stronger increase in numbers of HSP-positive cells and intensity of staining at moderate temperature increase (f, g), and massive HSP expression at temperatures exceeding 40°C (a-c, e). Moreover, a clear axonal and dendritic HSP labeling as well as staining of nerve cell cytoplasm and cell nucleus was seen when temperature exceeded 41°C (a, b). Obviously, this HSP upregulation was stronger and more widespread in rats, which received METH at 29°C ambient temperatures (a-c, e) that produced robust hyperthermia compared to animals that received this drug at 23°C (f-h) and showed moderate increases in brain temperature. A general sponginess and expansion of neuropil was also clearly evident in rats showing moderate (c, f) to strong (a, b) HSP immunolabeling; the intensity of sponginess and edema was coupled with strength of HSP immunoreactivity (for details, see text). Control animals do not exhibit marked HSP immunolabelling in the cortex and any other brain area. Bar a-d = 30 lm; e-h = 35 lm Heat shock proteins and brain temperature 53 stained large cells without cell nucleus and with dense cell cytoplasm are typical characteristics of microglia (b, d, f, j) . Microglial cells with dense accumulation of HSP reaction product were also more often in rats that showed robust brain hyperthermia (see b, d, f, and j). While dendrites that show HSP immunoreactions were almost round and regular in shape, the intensity of their staining varied according to their diameter and brain temperature (see a, e, h). These observations corroborate our light microscopical findings (Figs. 4, 5, 6 ), suggesting that the intensity of HSP expression depends on the brain temperature.
Electron microscopy
Correlation of HSP expression with alterations in other brain parameters
Previously, we described a tight correlation between METH-induced brain hyperthermia and a number of neural parameters (albumin immunoreactivity, tissue water content, acute glial activation, and structural abnormalities of brain cells) (Kiyatkin et al. 2007) . Figures 8 and 9 show the relations between HSP expression in each of the four brain structures and these parameters. In contrast to a very strong correlation with brain temperature, weaker and structure-specific relationships were seen between the counts of HSP-and albumin-positive cells (Fig. 8, left panel) . This correlation was strongest in the cortex (r = 0.80, p \ 0.001), weaker in hippocampus (r = 0.63; p \ 0.01), weakest in the hypothalamus (r = 0.53; p \ 0.05), and absent in the thalamus. Although water accumulation in brain tissue directly depends on the leakage of BBB, correlation between HSP expression and tissue water content was strong and similar in each brain structure (Fig. 8, right panel) . There were virtually no HSP-positive cells when water content in brain tissue was at low, control levels, but their numbers were progressively larger with increased tissue water content. This correlation was independent of absolute water concentration, which was lowest in the cortex (a), higher in the hypothalamus (d) and thalamus (c), and highest in the hippocampus (b).
HSP expression was also directly related to acute glial activation evaluated by GFAP immunoreactivity (Fig. 9 , left panel). This correlation was well approximated by a liner curve and it was equally strong in the cortex and hippocampus (a and b) and weaker in the thalamus and hypothalamus (c and d). Similar positive correlation has been found between the numbers of HSP-positive and morphologically abnormal cells (Fig. 9, right panel) . Similar to all other parameters, the strongest correlation was found in the cortex, weaker in the hippocampus and hypothalamus, and weakest in the thalamus. and 29°C environmental temperatures. HSP expression in the hippocampus following METH administration was seen extensively within the dentate gyrus and occasionally in the CA 1-2 regions. Similar to the cortex, intensity of HSP immunostaining in the hippocampus was minimal in saline-treated control (h, see few sporadic cells shown by arrows), stronger in rats that received METH at 23°C (b, c, d), and maximal when drug was administered at 29°C (a, e, f, g). HSP immunostaining occurred in both neural and glial cells in dentate gyrus (a, c, e, g) and CA 1-2 areas (b, d, f). In addition, a slight expansion of neuropil and mild edema were also apparent in this structure in rats that showed extreme brain hyperthermia. The whole dentate gyrus in rat #27 (e), which showed 41.8°C peak temperature, was filled with HSP immunoreactivity, with intense and widespread labeling (arrows). Profound edema and sponginess was also evident in this rat (e) compared to another rat (a) that showed lower temperature elevation. Much weaker expression of HSP in the dentate gyrus was seen in rats that showed lower temperature elevations (c). This temperature-dependence of HSP expression (arrows) was also seen in the CA1 (f) and CA2 (b) areas. In the rat that received METH at 29°C and showed a stronger temperature elevation (40.54°C), vacuolation and damage to neuropil were also evident (f). In contrast, mild and sporadic HSP labeling in CA-1 area (see arrows in d) was evident in rat #29 (d), which showed minimal increase in brain temperature. Despite low HSP immunoreactivity, a slight expansion of neuropil and edema were seen in the hippocampus of this rat. A control rat that received saline and had brain temperature of 36.5°C did not show any distinct HSP-labeled cells in the hippocampus regions (h). Only few cells showed mild labeling of HSP in this rat. Bar a-d; e-h = 30 lm
Discussion
Although this study confirms previous data, suggesting that METH induces expression of brain HSP and that this expression depends upon drug-induced temperature elevation, it produced several new findings. First, it shows that HSP expression occurs rapidly during METH intoxication (30-90 min) and in a generalized manner, involving different brain structures. Second, it shows that HSP expression occurs both in neurons and glial cells as well as in the neuropil. Third, HSP expression in each brain structure examined tightly correlates with the degree of METHinduced brain temperature elevation. Fourth, HSP expression was also tightly related to alterations in several other brain parameters that reflect permeability of the BBB, acute glial activation, and structural abnormalities of brain cells.
In contrast to most previous studies, which were focused on detection of irreversible damage of brain cells resulting from METH exposure, in this work brain samples were obtained during acute METH intoxication when brain temperatures either peaked or reached clearly pathological levels ([41.5°C), suggesting possible lethality if the experiment will continue. Therefore, rapidly developing, massive, and generalized expression of HSP as well as alterations in other brain parameters found in this study is a reflection of the acute METH intoxication and a possible correlate of drug-induced neurotoxicity. These differences in experimental paradigm and time points at which brain parameters were evaluated could explain apparent differences between our results and other data, suggesting a slower and structure-specific HSP expression as a consequence of previous drug use (Goto et al. 1993; Kuperman et al. 1997) . However, being focused on verification of Overexpression of HSP in the thalamus (a-k) or hypothalamus (l-n) showed a close correspondence with brain temperature. In animals showing brain temperature increases of 37.5-37.8°C (d, h), only a mild HSP expression was seen in few cells within the mid thalamic areas (massa intermedia). When drug-induced brain temperature increase was larger (*38.5°C), further enhancement of HSP expression in neurons/and or glial cells were found in more widespread areas within the thalamus or hypothalamus. Thus, many neurons in the dorsal, medial thalamic nuclei (i, k) and anterior hypothalamus (l) showed moderate HSP immunoreactivity in both the cell cytoplasm and nucleus (arrows). Most HSP-labeled cells were present around the microvessels. When the temperature increase was larger (39.5-39.0°C), the number of HSP-positive cells increased both in thalamus (e, j) and hypothalamus (n), their distribution was more widespread (arrows), and intensity of staining was stronger. Sponginess and edema were clearly seen in thalamus and hypothalamus in animals that showed brain temperature above 39°C. Rats exposed to METH at 29°C showed an average increase in the brain temperature increases above 40°C (40.2-41.9°C). In these animals, massive HSP immunostaining was found in most parts of the thalamus (a-c, f, g) and hypothalamus (m), with multiple stained neuronal somata, axons, and dendrites (f, m). Sponginess and edema in the neuropil were also evident in these brains. Normal control rats did not show distinct HSP expression in both the thalamus (o) and hypothalamus (p). Only a few HSP-positive cells were seen. Bar a, b, e, f, i, j, m, n = 30 lm; c, d, g, h, k, l, o, p = 35 lm dead cells, other brain parameters during acute drug intoxication were typically not tested. Although 30-90 min time intervals could be viewed as too short for HSP expression, similar rapid expression of HSP70 messenger RNA (peak at the first and second time points, corresponding to 60 and 120 min, respectively) was found in rats following acute morphine administration (AmmonTreiber et al. 2004) . Rapid induction of HSP in this study also agrees with evidences suggesting that the brain initiates the stress response following as little as 5 min of ischemia (Nowak and Jecewicz 1994; Vass et al. 1988) . Likewise, hyperthermia caused by heat stress or a focal trauma to the brain or spinal cord is also able to induce HSP 70 expression in the brain or spinal cord as well as HSP mRNA within 30-90 min after the primary insult Stetler et al. 2010; Westman and Sharma 1998) .
These procedural differences could also explain an apparent contradiction between a generalized pattern of METH-induced HSP expression seen in this study and structurally specific alterations seen in other studies at much later time points and only in some brain structures. For example, only the hippocampus was the area of massive HSP expression at 18-24 h after a single METH administration (Goto et al. 1993 ) and only striatal HSP expression was reported in other study 48 h after a single METH administration (Yu et al. 1999) . However, our data on generalized pattern of HSP expression well agree with data of Ammon-Treiber et al. (2004) obtained for morphine at 1 h post-injection. In this case, HSP expression was detected in each brain area. It appears, therefore, that generalized HSP expression is a feature of acute METH intoxication, which could have different underlying mechanisms than structure-specific expression of this protein seen at later times following METH administration.
Although all animals in this study received METH at the same dose, assuming an equal metabolic impact, HSP expression greatly varied (*tenfold range) and was tightly dependent upon drug-induced brain and body hyperthermia and shifts in other brain parameters. While control, salinetreated rats virtually showed no specific HSP immunostaining, the counts of HSP-positive cells in each brain structures were larger than in control in each of 16 rats that received METH (see Fig. 3 ). However, these values greatly varied, directly correlating with brain hyperthermia and apparently plateaued, when brain and body hyperthermia was extreme. Therefore, it appears that HSP expression has some limits or adaptive reserves, which are exhausted when temperature reaches clear pathological levels ([41°C) . At these levels, BBB permeability and brain tissue water content are greatly increased, glial cells are hyperactive, and there are evident structural abnormalities of brain cells (see Figs. 8, 9) . Our previous data suggest that if NAcc temperature during METH intoxication reaches 41.0-42.0°C and is maintained at these levels for at least 20-30 min, the rat will die (Brown and Kiyatkin The intensity of accumulation varied, being stronger in rats that showed larger temperature elevations. The most intense accumulation of dark HSP reaction product was seen in cell nuclei or dendrites when hyperthermia exceeded 40°C. When brain temperature increases were in the range of 38.5°C (c, h), the accumulation of HSP reaction product within the dendrites was milder. The dark reaction product (arrows) of HSP immunostaining localized within the dendrites or cell cytoplasm is normally present on the endoplasmic reticulum. Some sporadic crystal-like black structures that do not respect the cell boundaries are artifacts. The control rat (g) did not show any clear HSP immunoreaction product within the cell cytoplasm and dendrites (arrow heads). Bar a-e = 800 nm; f-j = 600 nm 2005). Although our drug-administered rats were perfused when alive, it is highly probable that some of them, which showed extreme hyperthermia will naturally die if the experiment will be continued. Therefore, profound and generalized HSPs expression and robust alterations in other brain parameters seen in the METH-29°C group could reflect brain perturbations that precede and accompany fatal decompensation of an organism's functions.
Since alterations in several brain parameters tightly correlate with brain temperature during METH intoxication, it is not surprising that HSP expression also correlated with these parameters. Among them, the highest correlation was found with tissue water, suggesting brain edema as a co-factor related to HSP expression (see also Sharma et al. , 2010 . This correlation was equally strong in each brain structure tested despite differences in basal values of tissue water content. HSP expression was also tightly related to increased numbers of albumin-and GFAP-positive cells, indicating its link with breakdown of the BBB and acute glial activation (Westman and Sharma 1998) . In contrast to temperature and brain tissue water content, this correlation was strong only in the cortex and hippocampus and weaker in the thalamus and hypothalamus. Finally, the counts of HSP-positive cells were also related to the numbers of structurally abnormal cells, suggesting a possible link between these two alterations. Despite a tight correlation, these data do not suggest casual relationships between individual parameters. They rather suggest a joint contribution of multiple factors that determine brain perturbations elicited by METH.
While a matter of ongoing discussion, HSP expression is usually viewed as an adaptive cellular response that prevents damage and promotes repair. Therefore, massive HSP expression induced by METH could be viewed as an adaptive mechanism that counteracts damage and promotes repair. On the other hand, high brain temperature (hyperthermia) and increased brain tissue water (edema)-the two parameters that tightly correlate with HSP expression-are known factors that damage brain cells (see Kiyatkin 2010 and Sharma 2009, for review) . While HSP expression appears to have some natural limits in expression and thus in counteracting the damaging effects of these two factors, both brain temperature and tissue water could reach clearly pathological levels, when heat production is excessive and/or heat dissipation mechanism fail to maintain brain temperature within its the normal range. While HSP production may serve to counteract cellular damage, excessive expression of this protein in specific cells could indicate their potential damage, which will eventually result in cellular death.
Although humans have very efficient mechanisms for heat dissipation, allowing the loss of more heat than it can be potentially created (Rowell 1983) , breakdown of brain thermal homeostasis could occur when excessive physical activity or the use of metabolism-enhancing drugs at high doses are combined with hot and humid conditions that prevent normal heat dissipation. In addition to excessive heat production resulting from metabolic activation, METH induces strong and prolonged peripheral vasoconstriction that impairs normal heat dissipation to the external environment, thus promoting heat accumulation in the brain and body. Therefore, despite activation of various adaptive mechanisms, which counteract destructive effects of oxidative stress, high temperature, and edema, METH intoxication could result in acute life-threatening disturbances of vital factions and irreversible brain damage due to chronic use. 
